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Arc jet description
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Slug calorimeter description
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Slug calorimeter description

TEMPERATURE —

T ’

T, TIE —

Typical Temperature—Time Curve
for Slug Calorimeter

Thermal & Fluids Analysis Workshop 2008
Figure Credit: ASTM Standard E457-08



ANALYSIS
WORKSHOP

Slug calorimeter description
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Slug calorimeter heat losses & correcting for them
(quotes from literature)

“The heat losses are usually hard to control in models with high-
heat-flux conditions.”

Diller, T. E., “Advancesin Heat Flux Measurements,” Advancesin
Heat Transfer, Vol. 23, Academic Press, 1993, pp. 307-311

“If more accurate results are required, the losses through the
Insulation layer should be modelled and accounted for by a
correctionterm. ..”

Childs, P. R. N., Greenwood, J. R., and Long, C. A., “Heat flux
measurement techniques,” Proceedings of the Institution of
Mechanical Engineers, Vol. 213, Part C, 1999, pp. 664-665.
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ldealized slug calorimeter theory

P N —*Right circular cylinder made of copper

Insulated at back face & around

circumferential area

*Slug initially at uniform temperature
eStarting at time = 0, constant heat flux

T g is applied to front face

*Coordinate x defined as zero at front

face and L at back face

*Problem can be modeled as one

dimensional unsteady state heat transfer

*Additional simplifying assumption: all

physical properties are constant with

temperature
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S

7

Thermal & Fluids Analysis Workshop 2008 8



Boundary value problem

PDE for one dimensional 0°T _ pC, oT
unsteady state heat transfer o2 kot
Definition of o K
thermal diffusivity Jolo
Boundary conditions oT(0.H __4
OX K
oT(L,t) 0
OX

Initial condition T(x,0)=T,
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Solution to PDE boundary value problem

Overall solution = steady state solution + transient solution
T(Xt) =V (X1)+W(X,t)

at gt o’ ox OT (X,t)
Loc 3k 2Lk K ot

P

=25 gl 58] (1

72- n:]_ n

Vo (X,1) =T, +

= constant

2 7Y
T(xt)=|T,+ a_, aL TR AN _2ts —cos(@je (th
Lpoc, 3k 2Lk k kz? % n?
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Animation of solution for copper slug
L=1 cm, q= 2600 W/cm?, elapsed t=0.3 s
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Animation of solution for copper slug
L=1 cm, q= 2600 W/cm?, elapsed t=0.3 s
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Animation of solution for copper slug
L=1 cm, q= 2600 W/cm?, elapsed t=0.3 s
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Response time equation

\
Setting g gicaieqg = O gIVEStiMeE (
for the heat to have just L | 2
penetrated to the back sideof 'R = o n q .
the S|Ug 1— indicated

\ qinput )
For practical purposes, the
response time calculated | 2 2
When Gingicated/ Ginput = 0-99 ( =——=1n
should be sufficient dapsed 0 ar? \1-0.99

time for the heat flux
determination from the back
face temperature to begin to
be valid, and implies steady
state.
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Other useful equations

B gat 1gl 2qL & (<Y (j
b=t =Tt e kﬁz

T, =TOt=T,+ 3t 1o <1 )
L 3k krl=m

L
kL

(n—)7z2
roq ol i 1 e
P 2k kr?4(2n-1)72

o _ldl 20L& (D) o
Tave Tb 6 k k;z' ; 72 e
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Summation terms approach zero with steady state

T =T(Lt)=T + 9ot _1at
KL 6 k
T, =TOy=T,+ ¥, 14
KL 3k
Tave:To+q;“t
KL
r_1lat
f b 2 k
Tave— bzlq—L
6 k
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Accounting for heat losses — Slug Loss Model

A heat balance on the slug with

lossesgives _ _
Input — output(i.e. losses) = accumulation
T.-T
qA_( ave 0) — MCpo dTave
R, dt

Tave — Tb + q_L
6k

Getting equation in terms of T,

(q[ AL } T, J_ T, dT,
Mc, 6kR,Mc, | R,Mc, ) R,Mc, dt
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Accounting for heat losses — Slug Loss Model

Defining two constants

a=|q A L N T,
Mc,, 6kR,Mc, | R,Mc,

B 1
I%al\/lcpo

Differential equation can be written as a_bT dT,
b

b

Which integratesto d )| _ptt) a
(Tblfit _je ( )"'
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Accounting for heat losses — Slug Loss Model

Once dataisfit to this ad| pit) aA
T :(Tblfit _je 4 =

Rearrange this

To solvefor g

Mc,, (a—bT,)

q:
A (1_ L j
6kR, A
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Accounting for heat losses — Slug Loss Model

Once you have thisfit a a
Tb (t) — (Tblfit _Ej e_b(t_tl) + B

By thisequation 1 _1 At

ave

a | _pt- a L
you also have Te(t) = ((Tm o _B)e b(t-t) +Bj n %
and dTb (t) — dTave(t) _ _b(-l-blﬁt _Ej e—b(t—tl)

dt dt b

All analytical expressions
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Accounting for heat losses — Slug Loss Model

Now write energy

bal ance equation with A (Tae®-T,) _ ¢, (T, (V) ave(t)
actual |oss resistance and R

variable heat capacity

Varl abl e heat ( ave) A+ BTave + CTave2 + DTave3 + aVEeZ

capacity with where

T is obtained 3 ]
from the A=2789933x10°——  B=4.421789x10"——
Shomate kgK kgK
equationfor  c_ 49181500 . D=2.19879x10" —
copper kgK kgK

s JK
kg

E=1.079706x10
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Accounting for heat losses — Slug Loss Model

Solve energy balance (Tae®) =T )
equation for R,, the actual R(t)= e(t)
loss resistance (qA Me, (T ave(t)) d j
Other useful ¢y Mg, (T, (1) dT, (1)
eguations Gsopers (1) = A dt
t) = ave
qsl opeTave( ) A dt
Mc, (T, (1)) dT,.(t)
qloss (t) =(- qslopeTave (t) =(- A dt
FracLoss(t) =1- MCp(Tar (1)) dTe (1)

gA dt
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Slug Loss Model (SLM) applied to one arc jet run
(IHF187R025)

Back Face Temperature & Stagnation Pressure versus Time.
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SLM applied to one arc jet run (IHF187R025)

_ kg _ J k=3852"
p=8, 925.7ﬁ Cpo = 385.615kg—K e
M = 0.004529 kg D =0.00781m

A=0.257D? = 0.000047906 m’

L = M _ 0.010592 m

PA
c_ L?
—'OLIn( 2 j:0.5385
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SLM applied to one arc jet run (IHF187R025)
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Back Face Temperature & Stagnation Pressure versus Time.
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SLM applied to one arc jet run (IHF187R025)

Back Face Temperature versus Time data from t, to t,.
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SLM applied to one arc jet run (IHF187R025)

Fitting this datato Slug Loss Model equation givesthe
best linear fit to T, versus et when b = 0.29160 s,
where the R? value of the fit is maximized at 0.99999.
The Solver function in an Excel spreadsheet was used to

solve for b.

= mtercept(T vs e ) )b 766,76~
S

Torsie = sIope(T vs e ™ tl)) %= 660.32 K
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R, = 1 = 1.964£
bMc W
Mc a—bT
q= b0 ( 0) = 26, 005, OOOﬂ2 =2, GOOﬂ2
A 1 L m cm
6kR_ A

Thisvalue is about 15% higher than the value of
2,250 W/cm? reported by the facility test engineers,
where |osses were not taken into account.

Thermal & Fluids Analysis Workshop 2008 28



AN SLM applied to one arc jet run (IHF187R025)
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Back Face Temperature — Fit Compared to Data.
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SLM applied to one arc jet run (IHF187R025)
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Fit Compared to straight line.
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SLM applied to one arc jet run (IHF187R025)

Qioss. chmz

L osses (per cm? slug frontal area) versus Time.
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SLM applied to one arc jet run (IHF187R025)

Actual Loss Resistance versus Time.
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4% Animation of a 4” Hemi Slug Calorimeter

MASA ARC 131N HNHOZZLE

13:893:957.2 LBA3-27-87
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FEA Model

A simple FEA model was created using COMSOL
Multiphysics, COMSOL, Inc, Burlington, Massachusetts.

The slug was modeled using 3D tetrahedral elements.

Heat flux is applied to the top face using a smoothed
Heaviside function (flc2hs) to create a ramp up and
ramp down time.

Losses occur through 0.6 mm diameter surface regions
with a constant heat transfer coefficient h, to a constant
holder temperature T,,.

The material copper is used using temperature
dependent properties of heat capacity and thermal
conductivity.

3 second simulation time with a 0.01 second time step.
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FEA Model

WORKSHOP

qinput

. — qloss - h(T-To)
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FEA Model

Various runs were performed by varying g, h and
the duration of the pulse in order to match the data.

A unique solution of g, = 2,600 W/cm= was found
where the COMSOL solution closely agreed with the
actual data. Sensitivity analysis showed this g value
to be determinable to +/- 1%.

A fringe plot of the temperature at t = 3 seconds was
plotted to show the paths of the heat flow.

Temperature was plotted versus time for the centers
of the front and back faces of the slug.
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Adjusting the results to actual data
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FEA Model
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COMSOL model with g = 2600 W/cm? and actual
data compared
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COMSOL model with g = 2600 W/cm? and actual

data compared

q, by slug cal equation, Wicm?
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Ideal PDE & COMSOL No Loss Const Phys Props

COMSOL VS Ideal PDE Comparison
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ldeal PDE & COMSOL No Loss Const Phys Props
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COMSOL No Loss Const Phys Prop compared to
g Loss Const Phys Prop & No Loss Var. Phys Prop
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Loss Const Phys Prop & No Loss Var. Phys Prop

compared to COMSOL Loss Var. Phys Prop

Te, K

1500

1300

1100

S00

700

500

300

100

e Ny

Y

Mo Loss War Phys Props

Loss Const Phys Props

/

Loss War Phys Props

0.5

1

5 2 25 3

t,s

Th

ermal & Fluids Analysis Workshop 2008

44



ANALYSIS
WORKSHOP

COMSOL Loss Var. Phys Prop compared to

Slug Loss Model
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All Six cases
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Conclusions

A mathematical model, The Slug Loss Model,
was developed, which takes into account
losses, where the temperature time slope
takes the mathematical form of exponential
decay.

The Slug Loss Model was applied to slug
calorimeter data from a high heat flux arc jet
run.

A FEA Model was also developed and run for
various cases.

Good agreement was shown between the
Slug Loss Model and the FEA Model.

Thermal & Fluids Analysis Workshop 2008 a7



